Four adjacent Leu codons within the leu leader RNA are critically important in transcription attenuationmediated control of leu operon expression in Salmonella typhimurium and Escherichia coli (P. W. Carter, D. L. Weiss, H. L. Weith, and J. M. Calvo, J. Bacteriol. 162:943-949, 1985). The leader region from S. typhimurium was altered by site-directed mutagenesis to produce constructs having between one and seven adjacent Leu codons, all CUA. leu operon expression was measured in strains containing six of these constructs, each integrated into the chromosome in a single copy. Operon expression was sufficiently high that all strains grew in minimal medium unsupplemented by leucine. Expression of the operon was measured in stains cultured in such a way that their growth was limited by the intracellular concentration of either leucine or of leucyl-tRNA. In general, the leu operon for each construct responded similarly to the parent construct in terms of the degree of expression as a function of the degree of limitation. However, a strain containing (CUA)1 and, to a certain extent, a strain having (CUA)2 responded somewhat more sluggishly and strains containing (CUA)6 and (CUA)7 responded more sensitively to limitations than did the parent construct. In addition, DNA fragments containing the leu promoter and leader region were used as templates in in vitro transcription reactions employing purified RNA polymerase. With nucleoside triphosphate concentrations of 200 ,uM, RNA polymerase paused during transcription of the leu leader region at a site about 95 bp downstream from the site of transcription initiation. The halftimes of the pause were 1 min at 37°C and 3 min at 22rC. The pause was lengthened substantially when the GTP concentration was lowered to 20 ,uM. Our results are interpreted most easily in terms of an all-or-none model. Given two Leu control codons, the operon responds with nearly maximum output over a wide range of leucine limitation, and that outcome does not change much with increasing numbers of control codons.
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Expression of the leucine operon of Salmonella typhimurium is regulated by a transcription attenuation mechanism (9) . The leu operon consists of a promoter, a leader region, and four structural genes. For cells grown in a minimal medium, most transcription terminates at an attenuator site located at the end of the leader region, giving rise to a 160-nucleotide leader RNA. The leader RNA contains translational start and stop signals, a cluster of four Leu codons (termed control codons), and overlapping regions of dyad symmetry that are capable of forming stem-and-loop structures. These features are common to a number of operons known to be regulated by transcription attenuation (for a recent review, see reference 14). Gemmill et al. (9) proposed that whether or not the structural genes of the leu operon are transcribed is determined by which of these stem-and-loop structures form. Figure 1A defines these stem-and-loop structures. Formation of a terminator stem and loop leads to transcription termination, whereas prior formation of a preemptor stem and loop is thought to preclude formation of the terminator, thereby allowing transcription to continue past the attenuator and through the structural genes of the operon. Which of these stem-and-loop structures form is dependent upon the progress of a ribosome translating the leader transcript. The preemptor structure can form only when a translating ribosome has stalled over one of the four leucine control codons, as is the case when cells are grown under conditions of leucine limitation. * The results of a number of experiments support the model for attenuation summarized above (2, 3, 8, 22, 23) . Of particular significance for the work described here is the evidence supporting an important role for the four tandem Leu codons. In a mutant strain in which the four Leu control codons were replaced by four Thr codons, the leu operon did not respond to a leucine limitation but instead responded to a limitation for threonyl tRNAThr (3) . The nature of the Leu control codons is also critical for proper function of the attenuation mechanism. In the S. typhimurium leu leader, three of the four tandem codons are CUA, whereas in Escherichia coli all four of the control codons are CUA (9, 23) . Changing the rarely used CUA codons of the S. typhimurium leader to the more frequently used CUG codons reduced the basal level of operon expression and the sensitivity with which the operon responded to leucine limitation (2) .
In this paper we investigate another question related to codon usage, namely, the relationship between the number of control codons and the expression of the operon. To determine how many Leu codons are required for a sensitive and specific response to a leucine limitation, the control codons in the leu leader were first changed from (CUA)3CUC to (CUA)4 and then the number of CUA codons was varied from one to seven. Each construct was introduced into the chromosome in a single copy, and the expression of the leu operon was measured in cells grown under different conditions of leucine limitation. To summarize our results, with the exception of (CUA)1, all of the constructs responded similarly to the wild type in response to leucine limitation. The implications of this finding to Leu CONTROL CODONS 1635 various models of regulation by transcription attenuation are discussed.
MATERIALS AND METHODS
Oligonucleotide-directed mutagenesis. Mutations were constructed by the uracil incorporation method of Kunkel (13) as follows. Bacteriophage PS15 contains a 5.1-kb fragment of S. typhimurium DNA carrying leuPLABCD' (D' means that part of leuD is missing) in the unique EcoRI site of single-stranded phage flR229 (3) . DNA from phage PS15 grown in E. coli BW313 (dut ung) was used as a template for oligonucleotide-primed DNA synthesis as described by Gillam and Smith (10) . After transfection of E. coli JM101 (made competent by the method of Hanahan [11] ), phage were analyzed by hybridization to identify those having the desired mutation. Procedures for transfection, growth of phage from plaques, and binding of phage DNA to nitrocellulose filters were as described by Miyada et al. (18) .
Hybridizations to 32P-labeled oligonucleotides were carried out at 37°C, and filters were washed with 3 M tetramethylammonium chloride at a temperature appropriate to the length of the oligonucleotide probe as described by Wood et al. (26) . Single-stranded DNA from the mutant phage was sequenced by the dideoxy method of Sanger et al. (20) with 5'-CCGCCCACCGGTCTA-3' as a primer. The transfer of mutations from fl phage to lambda phage by recombination was as described by Carter et al. (3) , except that hybridizations to 32P-labeled oligonucleotides to verify the presence of mutations were done as described above. An oligonucleotide with the sequence 5'-ATGCGTTT'AGTAGTA-3' was used to change the (CUA)3CUC control codons to (CUA)4. With oligonucleotide 5'-TAGTAGTAGTAGTAGCCCAGT-3' as a primer and template DNA prepared from the fl phage with (CUA)4 control codons, mutant constructs were obtained having either one, two, or three additional CUA codons. The reason for this is that pairing between redundant CUA codons on the template and TAGs on the primer can occur in a number of different ways. Mutants having 5, 6, and 7 CUA codons were obtained from this single mutagenesis experiment in the ratio 1:11:2. The oligonucleotides used to make the (CUA)1, (CUA)2, and (CUA)3 mutants were, respectively, 5'-ATGCGTTTAGCCCAG-3', 5'-GCGTTTAGTAG CCC-3', and 5'-TGCGTTTAGTAGTAGCCCAGT-3'.
Limitations for leucine and leucyl-tRNA. Cells were grown in SSA salts (1) containing 5 ,ug of thiamine per ml and 0.2% glucose (minimal medium). Starvation for leucine was achieved in one of two ways. Growth in chemostats at 37°C ufider conditions of leucine limitation was done essentially as described by Carter et al. (3) . Cells were removed for analysis after at least three doublings. The second method of achieving a leucine limitation involved growing cells in a medium containing excess isoleucine and valine and a limiting amount of leucine (5) . An early-stationary-phase culture grown in minimal medium containing 50 ,ug of L-leucine per ml was centrifuged, washed with SSA salts, suspended in 0.2 volume of SSA, and used to inoculate fresh minimal medium to an A6. of 0.03. This latter medium contained L-isoleucine (50 ,ug/ml) and L-valine (100 ,ug/ml) and either 10, 11, 13, or 15 ,ug of L-leucine per ml. Cells were grown at 37°C with shaking, and samples were removed for enzyme assays at A6ws between 0.18 and 0.26.
Limitation for leucyl-tRNA was achieved by growing strains containing a temperature-sensitive leucyl-tRNA synthetase (leuS31) mutation (15) at temperatures between 20 and 37°C. The introduction of the leuS31 mutation into strains by cotransduction with TnJO was described previously (2 7 .9], 13.3 mM EDTA, 266 p,g of tRNA per ml), and nucleic acid was precipitated with ethanol. Samples were fractionated on a 6 or 8% polyacrylamide gel (acrylamide/bisacrylamide ratio, 29:1) containing 8 M urea. After autoradiography, slices were excised from the gel, and Cherenkov radioactivity was determined in a scintillation counter. When the time course of RNA synthesis was examined, 25-,ul samples were removed from the transcription reaction at various times into 75 RI of stop buffer.
The template DNA, a 460-bp HaeIII fragment from plasmid pCV21 (8) , contained the leu promoter and the leader region from S. typhimurium. To simplify the preparation of the template, the indicated HaeIII fragment was cloned into the HinclI site of plasmid pIB176, yielding plasmid pCV151.
The latter plasmid was cut with EcoRI and HindIII, the ends were made blunt by treatment with reverse transcriptase and deoxynucleoside triphosphates, and the desired fragment was separated from the vector DNA by differential precipitation with polyethylene glycol (16) .
RESULTS
Construction of mutants having different numbers of Leu control codons. The nucleotide sequence of the leu leader RNA from S. typhimurium is shown in Fig. 1A , with the four Leu control codons highlighted in boldface type. Our strategy for constructing mutants having different numbers of Leu control codons ( tures of leader RNAs transcribed from these constructs was made by using the algorithm of Williams and Tinoco (24) . This analysis indicated that the changes introduced by mutation would have little effect on secondary structure of the leu leader. For each construction, once the mutation was introduced by oligonucleotide-directed mutagenesis and confirmed by nucleotide sequencing, it was transferred by recombination to the leu operon carried on a phage lambda derivative, and single lysogens were prepared in a strain deleted for the leu operon (CSH73). The designations for the resulting strains are given in Table 1 . Note that these strains are leucine auxotrophs, because the leu operon on phage lambda is missing part of leuD.
The effect of the mutations upon the expression of the leu operon was assessed by measuring of one of the leu-specific enzymes, 1-IPM dehydrogenase, in cells grown with excess leucine or under conditions in which growth of the cells was reduced because of a limitation for leucine or leucyl tRNA. Under such conditions of growth limitation, expression of the wild-type operon is elevated. Three methods were employed for achieving a growth limitation. The results of experiments employing each method are detailed below.
Limitation for leucine in chemostats. Leucine limitation (CUA)1
over a wide range of growth rates was achieved by growing auxotrophs in a chemostat under conditions in which the growth rate depended upon the rate at which fresh leucinecontaining medium was introduced (3). After at least three doublings at a particular growth rate, expression of the leu operon was assessed by removing small samples from the chemostat and measuring the specific activity of ,B-IPM dehydrogenase (encoded by leuB). When the parent strain, CV745, was repeatedly grown in a chemostat at the same degree of growth limitation, sizeable variation in leuB expression was observed. For example, the average and standard deviation for eight chemostats run at generation times between 135 and 152 min were 2.68 + 1.18. We were not able to determine the source of this variation, but, after analyzing the results of strain CV745 run in many chemostats over a wide range of growth limitations, we concluded that expression was independent of the degree of growth limitation over the range of growth limitations that we used. We assume that this is also the case for the mutant constructs that we studied. Examples of data obtained for two such constructs are shown in Fig. 2 Leudne lmitation achieved t comp for entry. E. coli has two transport systems for leucine that have Km values in the micromolar range (6) . Even at leucine concentrations as low as 1 pg/ml (7.5 p,M), these transport systems are nearly saturated, and the expression of the leu operon is expected to be repressed. Thus, at concentrations of leucine that are low enough to achieve derepression (<1 ,ug/ml), auxotrophs quickly deplete the medium of leucine, and it is not practical to measure the extent of derepression under such conditions. However, Freundlich et al. (5) showed that a leucine limitation could be achieved at leucine concentra- tions in the range of 10 to 15 ,ug/ml by growing an auxotroph in a medium containing excess valine (100 ,ig/ml) and isoleucine (50 ,ug/ml). The presumed basis for this method is that valine and isoleucine compete with leucine for entry through the LIV system (6). This method is better suited than the chemostat for achieving a mild leucine limitation, but it is not well suited for studying cells that are severely limited for leucine. For this reason, we applied this procedure to strains that we had reason to believe responded more sensitively to a mild degree of limitation, namely, strains having six or seven control codons.
Early-stationary-phase cells were diluted to an A6. of 0.03 with fresh medium containing excess valine and isoleucine and a limited amount of leucine. After between two and three doublings (cell density such that less than 20% of the leucine had been taken up), samples were removed and assayed for P-IPM dehydrogenase activity. In these experi- 2 2.9 + 0.64 (7) 97-154 CV943 4 2.9 ± 1.4 (8) 81-216 CV944 6 3.8 ± 0.70 (4) 77-210 CV946 7 3.0 ± 0.57 (6) 81-203 Fig. 3 ; note that the abscissa is expressed as the inverse of the concentration of leucine and, therefore, that higher starvation is represented by more rightward points). The degree of starvation required to elicit a given level of derepression depended upon the construct analyzed: strains having six or seven CUAs required less starvation than did the parent construct having (CUA)3CUC.
This result is consistent with the view that multiple control codons allow an operon to respond sensitively to a very low degree of amino acid limitation.
Limitation for leucyl tRNA in temperature-sensitive tRNAI'U synthetase mutants. The leuS31 allele, which encodes a temperature-sensitive leucyl-tRNA synthetase, results in temperature-sensitive growth (17) . This allele was transduced into stains described above carrying either the wildtype leu control region (CUA)3CUC or constructs having from one to seven CUA control codons. Strains were grown at different temperatures, and the growth rates and differential rates of syntheses of ,-IPM dehydrogenase were determined for each temperature. Table 3 and Fig. 4A show the kind of data obtained for strain CV868 [leuS31, (CUA)3 CUC] carrying the wild-type Leu control codons. At temperatures above 30°C, strain CV868 grew more slowly than the isogenic strain lacking the leuS31 allele (CV745; b At 36°C, growth was exponential to an A6w of about 0.5 and then began to slow. The differential rate of synthesis was not linear when these cells were grown at 36°C, and therefore differential rate data are not reported in Fig. 4 and Table 4 for this temperature.
ature at which growth was not restricted, the leucine operon of strain CV868 was already substantially derepressed in comparison with the isogenic strain lacking the leuS31 allele (Fig. 4A , dashed line near the bottom of the figure) . Thus, at 20°C (and 25°C), leucyl-tRNA synthetase in strain CV868 was probably already partially inactivated, resulting in reduced levels of leucyl tRNA. The extent of the reduction was not sufficient to affect the growth rate at 20 and 25°C, but it was sufficient to cause nearly maximum derepression of the leucine operon. With these considerations in mind, it is possible to interpret the results of similar experiments employing strains having different numbers of Leu control codons. Figure 4B shows data for strain CV966 (CUA)2. The leu operon in strain CV966 was derepressed by leucyl-tRNA limitation, but the degree of derepression at 20 and 25°C was less than that for the wild-type operon. Thus, reducing the number of control codons from four (CUA)3CUC to two (CUA)2 lowered the sensitivity with which the operon responded to a leucyl-tRNA limitation.
The results of similar experiments with other strains, represented as differential rates of synthesis (slopes of curves of type shown in Fig. 4B ), are shown in Table 4 . For strains having one or two CUA codons, the extent of derepression was lower than that for the parent (CUA)3CUC at each of the temperatures employed. Strains having four, six, or seven CUA codons showed a different pattern of expression: at low degrees of leucyl-tRNA limitation (20 or 25°C), expression was higher than that for the parent; but at higher degrees of limitation, expression was about the same as that for the parent. These results suggest that an increase in the number of control codons increases the sensitivity with which the operon responds to a leucyl-tRNA limitation. Note, however, that constructs with four, six, and seven CUAs behaved similar to one another. Thus, it does not seem to be the case that each additional CUA codon above four imparts an additional measure of sensitivity to operon expression.
Expression of the leu operon in cells grown with excess leucine. To investigate the influence of the number of control codons upon the basal level of operon expression, cells were grown in a minimal medium containing excess leucine, a condition in which expression is maximally repressed. Constructs having one or two CUA codons showed a reduced level of operon expression [as much as a twofold reduction for (CUA)1] whereas the other constructs having three or more CUA codons all showed about the same basal level of expression (Table 5) .
In vitro transcription of the leu leader region. In considering some models for transcription attenuation control of the leu operon (discussed below), it became important to know whether RNA polymerase pauses at a specific site during transcription of the leu leader. At least in vitro, this is known to be the case for the trp (25), thr (7), ilvB (12), ilvGMEDA (12) , and his (4) operons. For these latter cases, the pausing site is located immediately distal to a stem and loop within the leader RNA termed the 1:2 stem and loop. It was postulated by Yanofsky and co-workers (14) that pausing during transcription allows time for a ribosome to initiate translation and serves to coordinate the movements of RNA polymerase and ribosome so that the attenuation mechanism works efficiently. The time course of RNA synthesis from the leu leader Differential rates for CV868 for experiment 1 at 20, 25, 30, and 33°C were, respectively, 7.9, 15, 12, and 17. For experiment 2 they were 2.8, 4.8, 7.8, and 7.1, respectively. The difference in the two sets of data is related to one of the components of the assay, which was not optimal in experiment 2.
region was examined in vitro by using purified RNA polymerase and a 460-bp restriction fragment containing the leu promoter and leader region. Figure 5 shows the RNA species present at various times during a single round of transcription carried out at 37°C with 200 ,uM NTPs. The 160-bp leu leader RNA (8) was visable after incubation for 30 s. At times greater than 45 s, the leader RNA was seen to be three species, representing heterogeneity at the 3' end (8) . Since in vitro transcription of the leu leader region terminates at the attenuator site with an efficiency of about 98% (9) , transcripts longer than the leader RNA are not present in large amounts. Of particular interest is an RNA about 95 bases in length that was seen as early as 15 s after the initiation of transcription. The length of this species was estimated from RNA size standards included in the same gel. This RNA increased in amount over the next 45 s, and its disappearance correlated with an increase in the amount of leader RNA. These kinetics are consistent with the idea that the 95-base species is a nascent RNA that accumulates because of polymerase pausing at a site about 95 bp downstream from the site of transcription initiation. To confirm that the 95-base species arose from transcription originating at the leu promoter, these experiments were repeated with templates that were truncated at their promoter-distal end. 
DISCUSSION
To our knowledge, the work described here represents the first study in which the number of control codons within an attenuation-controlled operon was systematically varied. The goal of these studies was to assess the influence of the number of such control codons on the efficiency and sensitivity of the control mechanism.
We did observe some differences in operon response for constructs having from one to seven CUA control codons. For example, in experiments in which growth in chemostats was limited by the availability of leucine, a strain having only a single CUA control codon was derepressed to only about one-fifth the level of the wild-type strain (Table 2 ). In addition, strains having one or two CUA control codons did Fig. 3 ). On the other hand, strains having six or seven CUA codons responded somewhat more sensitively to low degrees of leucine than did strains having fewer numbers of control codons (Fig. 3 , Table 4 ). Overall, however, we were struck more by how similarly these constructs behaved than by differences among them. With the (CUA)1 construct excepted, strains containing these constructs responded very similarly to a leucine limitatipn created by growth in a chemostat (Table   2 ). For experiuhents employing the leuS31 allele, the differences between the construct-s were generally less than twofold (Table 4) .
We considered, the results of these experiments in the context of a model for attenuation control of transcription (9) . In this model, the regulatory mechanism depends upon the position of a ribosome on the leader RNA at the moment that RNA polymerase reaches the attenuator site. If the ribosome were upstream of the control codons, then termination of transcription was predicted, due to formation of a secondary structure within the leader RNA termed the protector stem and loop (Fig. 1A) . If the ribosome were downstream of the control codons, then termination of transcription was again the predicted result, in this case because the preemptor stem and loop was unable to form. The only situation in which readthrough was the predicted outcome was the case in which translation was slowed or arrested at the Leu control codons. In this last-mentioned case, with part of the protector region masked by the ribosome, the preemptor region was free to form (Fig. 1A) .
Given this general model, it is relevant to ask how the number of control codons might affect the regulatory mechanism. One possibility is that the number of control codons determines the sensitivity of the response of an operon to leucine limitation. Under conditions of leucine limitation, the RNA polymerase may continue transcription as the ribosome pauses at successive Leu codons. Pauses at each codon are summed until the polymerase reaches the attenuator (about 2 s is required for a polymerase moving at 45 nucleotides per s), and the decision is made regarding termination. A short pause time caused by a very small degree of leucine limitation would be summed seven times for a leader having seven codons but only twice for a leader having two control codons. Thus, the operon having the larger number of control codons might be expected to respond to a lower degree of starvation than the operon having fewer control codons.
The reasoning developed above leads to an interesting prediction: operons having a large number of control codons might respond to a very strong limitation for leucine more poorly than operons having fewer control codons. Consider a degree of starvation sufficiently strong that a ribosome were stalled over the first of seven Leu codons within the leu leader. In that position, the ribosome would not be in a position to mask the protector, and the outcome is predicted to be transcription termination. This prediction is not borne out by the results. As demonstrated in Tables 2 and 4 , constructs having six or seven CUA control codons did not result in reduced expression under conditions of severe leucine limitation in comparison with the parent construct.
Another possibility is that this attenuation mechanism is relatively insensitive to the number of control codons and that, once a limitation for leucine is sensed, the operon responds fully. Such an all-or-none mechanism can be imagined in concert with ideas developed by Yanofsky and co-workers about the importance of polymerase pausing to the attenuation mechanism (14) . They pointed out that pausing during transcription allows time for a ribosome to initiate translation and that subsequent movement of the ribosome may release the polymerase from the paused state. Thus, pausing may serve to coordinate the movements of RNA polymerase and ribosome so that the attenuation mechanism works efficiently. The evidence for pausing and for the significance of pausing to the trp attenuation mechanism is compelling (15) .
Pausing occurs in vitro during transcription of the trp (25) , thr (7), ilvB (12) , ilvGMEDA (12) , and his (4) operons; in each of these cases, the pausing site is located immediately distal to a stem and loop within the leader RNA termed the 1:2 stem and loop (denoted as protector stem and loop in Fig.  1A ). We show here that during transcription of the leu leader region in vitro, RNA polymerase pauses at a site about 95 bp downstream of the site of transcription initiation at a position that is comparable to that for the trp, thr, ilvB, and ilvGMEDA operons. The tendency of RNA polymerase to pause at this site is relatively strong; the halftime for pausing is 1 min at 37°C with 200 ,uM NTPs. For some other systems studied, equivalent pause times were only obtained at lower temperatures or lower concentrations of NTPs (4, 12, 25) .
If the ribosome indeed accelerates release of the polymerase from a paused complex, at what point during translation does this effect take place? Conceivably, a ribosome paused over the first of seven Leu control codons does not provide the signal for polymerase release. Even under conditions of a severe limitation for leucine, the ribosome is expected to move to the next codon at some point, either because of misincorporation (19) or more likely because of leucine released during protein turnover. By this view, the polymer-ase would remain paused until the ribosome approached close enough to signal its presence. If this is the case, then extra Leu codons beyond some minimum number may have little effect upon the overall mechanism. An analysis of the basal level of operon expression leads to a similar conclusion. There was a significant reduction in the basal level of expression with a construct having one, or possibly two, CUA codons. This suggests that an important determinant of basal level expression is the rate of ribosome movement through the leader peptide-coding region at normal levels of amino acyl tRNAs. The fact that basal-level expression was nearly the same for constructs having from three to seven CUA codons may be rationalized by postulating that, for constructs having more than three or four CUA codons, RNA polymerase did not escape the pause site until the ribosome had moved past the first several CUA codons.
Our results are interpreted most easily in terms of the all-or-none model. Given two Leu control codons, the operon responds with nearly maximum output over a wide range of leucine limitation and that outcome does not change much with increasing numbers of control codons.
